Female songbirds are attracted to male song, and song may honestly signal male quality. Song is a phenotypic expression of a complex learned behavior and therefore could be indicative of other cognitive abilities. Stressful conditions during early development are known to adversely affect the development of the mammalian and avian brain, and recent evidence suggests a positive association between song quality and learning ability. However, prior studies have not assessed how early-life stress affects both general cognitive functioning and song learning. We subjected nestling-and juvenile-caught European starlings (Sturnus vulgaris) to either an ad libitum or food-restricted diet until approximately 90 days of age. As adults, birds' cognitive abilities were assessed via spatial foraging and social learning tasks, while controlling for the effects of neophobia. Song learning was assessed in undirected and directed singing contexts. We found that birds fed the ad libitum diet had significantly longer song bouts in both singing contexts, made fewer errors in the spatial foraging task, but performed worse on the social learning task than food-restricted birds. Overall, song performance only correlated with performance on the spatial foraging task: Males with longer mean song bouts in the directed singing context committed fewer errors. These data suggest that the neural structures supporting song and spatial abilities are both affected by nutritional stress during development. Female starlings are attracted to longer song bouts and may thus use song bout length to infer spatial learning abilities of potential mates.
INTRODUCTION

B
ird song is a complex learned behavioral display that appears to be an honest indicator of male quality in many species (Searcy and Andersson 1986) . Female songbirds have shown a preference for a variety of aspects of song performance including song complexity. For example, prospective mates often prefer a more complex song repertoire (i.e., a greater number of syllables, elements, or song types; Nowicki and Searcy 2005) . Female choice for song may have evolved through direct (e.g., territory quality, foraging ability) and/or indirect (i.e., genetic) benefits (Searcy and Andersson 1986) . Numerous studies have indeed found a positive relationship between song complexity and territory quality, food provisioning rates for nestlings, various indices of immune functioning, and reproductive success (Hiebert et al. 1989; Hasselquist et al. 1996; Buchanan and Catchpole 2000; Pfaff et al. 2007) . The relationship between male quality and song complexity thus appears widespread.
Song learning and production are subserved by the songcontrol system, a series of discrete brain nuclei that are derived in the songbirds (suborder Passeri; Nottebohm 2005) . The developmental stress hypothesis proposes that the cost of possessing a large complex repertoire is paid early in life when these brain nuclei responsible for song are developing (Nowicki et al. 1998) . Songbirds experience rapid postnatal growth at a time when they are at high risk of nutritional restriction, disease, and predation. A bird with limited resources may trade-off development of neural systems specialized for courtship for somatic growth to ensure short-term survival (Schew and Ricklefs 1998) . Thus, only adult birds of superior quality, be it phenotypic and/or genotypic, will develop a more complex song repertoire. A variety of studies with several species have consistently found that stressful early-life conditions adversely affect 1) song learning as represented by less complex song repertoires and poor copying of tutor song (Nowicki et al. 2002; Buchanan et al. 2003; and 2) the development of the song-control system by reducing the size of the nucleus HVC (not an acronym; Buchanan et al. 2004; MacDonald et al. 2006) . Moreover, females prefer the songs of nonstressed males to stressed males . There is now abundant evidence that stress early in life can have enduring consequences for male songbirds' mating and fitness prospects (reviewed in Spencer and MacDougall-Shackleton 2011) .
In addition to affecting song development, early developmental stress in birds is known to have detrimental effects on a host of physiological systems and behavioral traits, including survival and lifespan (Metcalfe and Monaghan 2001) . In mammals, there is a well-established link between early stress, impaired neural development, and cognitive functioning (Siegel et al. 1993; Isgor et al. 2004; Rice et al. 2007 ). Yet, there are few studies examining this relationship in songbirds (Pravosudov et al. 2005; Fisher et al. 2006) . Some have proposed that females may be able to glean information about the development of other cognitive or physiological systems by attending to song quality (Catchpole 1996; Nowicki et al. 2000; DeVoogd 2004) . If other neural systems are developing concurrently with the song-control system, even though these processes may be functionally independent in adulthood, song quality may be indicative of other developmentally correlated cognitive traits (Nowicki et al. 2000; DeVoogd 2004; Searcy and Nowicki 2009) . The extent to which traits may be developmentally correlated will largely depend on the degree of overlap in the development and the duration and intensity of the stressor. Developmentally correlated traits are thus one explanation for the suggestion that song may be a phenotypic indicator of learning ability in general (Catchpole 1996; Nowicki et al. 2000; Nowicki and Searcy 2011; Spencer and MacDougallShackleton 2011) .
In addition to the song-control system, the hippocampus is a likely candidate to be impaired by early-life stress. The hippocampus is known to support spatial learning and memory, and there is evidence that it continues to develop in songbirds long after fledging (Sherry et al. 1992; Clayton 1996) . A few recent studies support the notion that stress early in development may adversely affect the hippocampus. Pravosudov et al. (2005) found that western scrub-jays (Aphelocoma californica) who suffered nutritional deficits early in the development displayed poorer performance on a food-caching and spatial associative learning task later in life. Neural development was also affected, with smaller hippocampi observed in the nutritionally deficient group (Pravosudov et al. 2005 ). Boogert, Giraldeau, et al. (2008) found a positive association between male zebra finch song complexity and speed in solving a food foraging task. Therefore, if stress adversely affected both of these systems, song quality may be indicative of spatial memory and foraging ability. The ability to navigate successfully through one's environment would be valuable for finding food and therefore an important trait for a potential mate to possess.
Foraging ability can also be assessed by the propensity to learn how to find food by observing the actions of others. The gregarious European starling (Sturnus vulgaris) is known to forage with conspecifics and be an innovative forager (Feare 1984; Boogert, Readers et al. 2008) . They are able to learn novel foraging behaviors by observing the actions of others (Templeton 1998; Campbell et al. 1999; Fawcett et al. 2002) , and their ability to problem solving is thought to be relatively constant regardless of social context (Boogert, Readers et al. 2008) ; starlings that demonstrated superior learning ability individually also tended to perform well on learning tasks with conspecifics present (Boogert et al. 2006 , Boogert, Readers et al. 2008 ). Yet, it remains untested whether starlings that possess a more complex song may exhibit greater social learning skills. When environmental foraging conditions are unpredictable or challenging, learning by imitating the foraging techniques of successful conspecifics is a valued ability of a prospective mate.
To date, no study has manipulated early developmental conditions and measured both song complexity and other cognitive abilities in the same individuals. In the current study, we manipulated early developmental conditions via food restriction in European starlings. After treatment ceased, learning abilities of birds from the food-restricted and control (ad libitum food access) groups were assessed during the first year of life. All behavioral testing was conducted between 4 months and approximately 1 year of age. To control for individual differences in latency to approach novel experimental stimuli, birds were first assessed on a neophobia measure. Two aspects of foraging behavior were assessed. Due to the starling's gregarious nature, learning was quantified on a social learning task. In addition, spatial cognition was assessed on a foraging task. Birds' song development was measured in undirected (noncourtship) and directed (courtship) singing contexts. As developmental stress in both songbirds and mammals has been shown to have detrimental effects on learning, we hypothesized the food-restricted group would exhibit significantly poorer 1) ability to learn from a social tutor, 2) spatial learning performance, and 3) song learning as measured by mean song bout duration (Buchanan et al. 2003) than the control group.
GENERAL METHODS
Subjects and treatment
We captured European starlings as either nestlings (n ¼ 21) or juveniles (n ¼ 19) in the summer of 2009 in and around London, Ontario (42°98# N, 81°25# W). We brought nestlings into captivity at an average (6standard error [SE]) of 14 6 2.2 days of age. We used mist nets and traps to capture juveniles that were approximately 35-60 days of age and estimated age at capture by assessing molt scores against nesting data for the season (Kessel 1957) .
We randomly assigned nestling-caught birds to control (n ¼ 15) or food-restricted (n ¼ 6) conditions at 18 days of age, partitioning each nest between groups. We hand-fed birds until nutritional independence at approximately 28 6 3.1 days of age. All nestlings were fed our hand-rearing diet (chick starter, wheat germ, carrots, vitamin, hardboiled egg, and grit) through calibrated plastic syringes. Following MacDonald et al. (2006), we first fed control nestlings until satiation; subsequently, we fed food-restricted nestlings 65% of what their control siblings ate. We fed birds 6 times a day while maintaining a light:dark cycle consistent with the natural photoperiod for the season (15L:9D). All birds were weighed daily until they were feeding independently. Hand-feeding ceased once we established that birds were maintaining a consistent weight throughout the day without hand-feeding and begging behavior diminished. Once feeding independently, we moved birds outdoors to aviaries (358 3 212 3 216 cm) for the remainder of the treatment period.
We housed birds in the outdoor aviaries (range: 9-15 birds per cage) by treatment condition (control and foodrestricted) and age of capture (nestling and juvenile caught). Juvenile-caught birds were randomly assigned to control (n ¼ 10) and food-restricted (n ¼ 9) conditions. Control birds (both nestling and juvenile caught) were given ad libitum food (chicken starter), whereas food-restricted birds (both nestling and juvenile caught) had their food removed for a random 4-h interval between 0900 and 1700 h (following Buchanan et al. 2003) . Upon removal of the food cups, we swept up all spilled food to ensure birds had no access to any food during the food removal period. To control for experimenter disturbance, an experimenter also entered the aviaries of birds in the control treatment at the same times as for the food-restricted group. Nestling-caught food-restricted birds were maintained on restricted food access until approximately 85 6 12.2 days of age. Age of the juvenile-caught birds was not known with as much certainty as nestling-caught birds, but food restriction continued until approximately 90 days of age. Thus, the food-restricted group contained both nestling-caught birds that had been food-restricted both during and after the nestling stage and juvenile-caught birds that had been food-restricted following capture. The control group contained both nestling-caught birds that had been fed to satiation during and after the nestling stage and juvenilecaught birds that had been fed ad libitum following capture.
After treatment ended in August, we moved birds to individual cages indoors (76 3 46 3 45 cm) with an ad libitum food supply. Birds were weighed 1 month after treatment ceased. One month after treatment ceased, previously food-restricted birds weighed on average significantly more (84.0 g 6 1.26 SE) than control birds (81.0 g 6 0.76 SE; t 39 ¼ 22.070, P ¼ 0.045). At this time, we took a blood sample and used polymerase chain reaction to genetically sex all birds (control group: 19 males, 6 females; food-restricted group: 11 males, 4 females; Griffiths et al. 1998) . Experimental protocols are detailed elsewhere (Zanette et al. 2005; MacDonald et al. 2006) . For the duration of behavioral testing, birds were on a 13L:11D photoperiod (except during directed singing). All birds were assessed first on a neophobia task to control for individual differences toward novelty in the learning tasks. Subsequently, subjects were assessed on a spatial memory task and a social learning task. The order of these tests was counterbalanced across subjects. Birds commenced neophobia testing at a minimum age of 4 months (at least 1 month post-treatment), and spatial and social learning tasks were concluded by 10 months of age for all birds. All birds were given a minimum 1-week rest period after completing a learning task prior to the starting of the next one. Birds' song performance was then recorded in both undirected and directed conditions (explained below) at 9 months and 1 year of age, respectively.
Eight adult starlings (6 males and 2 females) were housed in a central aviary located between the experimental aviaries to serve as song tutors for the duration of the experiment (outdoors and indoors). In addition to these tutors, wild-caught starlings were being housed in adjacent aviaries for unrelated experimental purposes and could have also served as song tutors. Subjects also had visual and acoustic exposure to free-living starlings outside the aviaries.
Neophobia testing
Neophobia testing was based on a protocol previously validated in our laboratory for assessing neophobia in black-capped chickadees (Poecile atricapillus; An et al. 2011) . Testing was conducted in the birds' colony room, and birds were visually isolated during testing. Testing took place across 4 consecutive days, with a 15-min trial occurring daily between 0900 and 1100 h. We food-deprived birds for 30 min prior to each trial. Trials 1 and 4 were baseline trials to assess birds' motivation to feed from their food dish (containing chicken starter) and response to experimenter disturbance. Trials 2 and 3 were test trials where birds were exposed to, in random order, a novel object (deflated blue balloon) by their food dish or a novel food source (corn chips) in their food dish. In baseline sessions (trials 1 and 4), we measured latency to eat from a food dish containing regular food after the experimenter returned the dish. In test trials (trials 2 and 3), we measured latency to eat from the food dish and/or peck the novel object. Birds that did not approach the food dish and/or object on test trials within the allotted time were assigned a maximum value of 901 s (balloon: n ¼ 16; corn chips: n ¼ 18). We recorded all sessions with a video camera positioned approximately 3 feet away from the cage with the experimenter outside the room. Neophobia analysis was conducted using the latency measures collected across all 4 trials. However, when neophobia was entered as a covariate and/or used in correlations, we used an integrated neophobia score we calculated for each bird based on the following formula: [Neophobia score ¼ log-(mean feeding latency in test trials 2 mean latency in baseline trials)]. A higher score denotes more apprehension to explore novel objects and/or foods.
Social-observation learning task
This task used a clear glass test tube (10 cm long, 1.6 cm diameter) that contained a mealworm, with the open end of the tube plugged with paper towel. The tube was then inverted and fastened to the interior side of the bird's cage with a clothespin. A successful trial was one wherein the paper plug protruding from the tube was pulled downward and out of the tube by the bird, resulting in access to the mealworm. An adult male starling, one of the song tutors, was trained across 2 days via successive approximation to pull down on the paper plug in order to gain access to the mealworm. We used this bird as a tutor for all subjects.
All trials took place within the colony room with the tutor and subject visually isolated from other birds. We conducted testing across 9 consecutive days in 3 phases: preobservation, observation, and postobservation (Sherry and Galef 1984) . We housed the tutor in an adjacent cage, permitting visual and auditory contact with the subject. Prior to the start of each trial, we food-deprived the subject for 30 min. Birds' performance was quantified by latency to approach the apparatus, number of apparatus manipulations (i.e., pecks, pulls on plug), and success in obtaining the mealworm. Performance measures were averaged across each phase for analyses. We recorded all sessions with a video camera.
Regardless of the phase, the bird had access to the apparatus on each trial, and the tutor was always present in an adjacent cage. The preobservation phase was conducted on test days 1-2 with two 15-min trials occurring daily (between 0900-1100 and 1500-1700 h). This phase allowed the birds to become familiarized and manipulate the apparatus prior to viewing the tutor demonstrate. The observation phase consisted of one daily 15-min trial (between 1100 and 1300 h) on test days 3-7, wherein the tutor had 3 apparatuses in addition to the subject having their own apparatus. A bird was able to observe 3 successful manipulations of the apparatus on each trial. Therefore, the observation phase totaled 15 instances in which the tutor demonstrated how to manipulate the apparatus. The postobservation phase occurred on test days 8-9, with two 15-min trials occurring daily (same time of day as preobservation phase), to determine if successful manipulations of the apparatus could be performed in the absence of live tutor demonstration.
For definitive conclusions to be made regarding social learning, a true control group (i.e., birds exposed to the apparatus for the same number of trials with no tutor demonstration) would be needed to determine if birds that solved the task after viewing a tutor demonstration did so through social-observation learning processes and not merely increased exposure to the apparatus. As we did not include such a control group (due to limited numbers of birds), we are unable to make any definitive statements regarding the learning processes (asocial or social) used by individuals, who solved the task only after viewing a tutor demonstration. However, we can still examine if there are any qualitative differences in performance once social information was available (in the form of a tutor demonstration) for the birds to solve the task. For consistency of nomenclature, we will continue to refer to this learning task as the ''social-observation learning task'', yet we recognize that this task cannot be considered a true measure of social learning abilities.
Spatial foraging task
We tested birds in an observation room (305 3 244 3 274 cm) that contained a wire-enclosed array of food cups (183 3 183 3 79 cm). The array was flush against the back wall of the room to allow clearance for the door. There were distinct visual cues in the room, such as the door and electrical outlets. We transported birds from their colony room in a transport cage with a sliding door. Birds entered the array from the transport cage through an opening on the front wall of the array. Sixteen circular opaque plastic cups (4 cm tall, 13 cm diameter) were arranged on the floor to form a square 4 3 4 array. We covered each cup with a piece of white tissue paper fastened with an elastic band. Each trial was monitored via a wireless camera that transmitted real-time video to a screen outside the testing room.
During the training phases, we tested birds 5-6 days a week. On training days, we food-deprived birds for 90 min prior to entering the array. During the testing phase, we tested birds daily and food-deprived them for 60 min prior to entering the testing arena. We altered the food-deprivation period to correspond with the total number of mealworms available in the arena; in the training phase, there was the potential to receive a larger amount of mealworms (maximum 16); therefore, we reduced the food-deprivation period in the testing phase to correspond with the reduced number of mealworms (maximum 8).
Training
In groups of two, we habituated birds to the testing room for as many days as it took for the birds to be observed walking on the floor of the array (range: 2-4 days). We allowed birds to explore the array for 30 min with all 16 cups uncovered and each baited with 2 mealworms (maximum 16 worms per bird). Once we habituated birds to the room, they were trained individually in 2 phases: cups uncovered and cups covered.
In cups-uncovered training, we allowed birds to explore the array with all 16 cups uncovered and baited with a mealworm for 30 min. Birds would progress to the next phase if we observed them visit and eat from 12 or more cups for 2 consecutive days. Birds that did not meet these criteria within 15 trials were deemed to have insufficient motivation to explore the array individually and/or eat mealworms and were removed from the experiment (n ¼ 15; 6 food-restricted and 9 controls). During cups-covered training, we allowed birds 30 min to explore the array with all 16 cups covered with tissue paper fastened by an elastic band and baited with a mealworm. Birds that did not peck through the tissue paper on any of the cups on their first day of training were returned to their cage in the colony room and were shaped to peck through the tissue paper by presenting them with a series of cups that ranged from being partially to completely covered. All birds given the additional shaping training were observed to peck through a covered cup on the following training session. Birds were ready to commence testing if we observed them visit and eat from 12 or more cups for 2 consecutive days. After cupscovered training, 2 birds (both controls) exhibited strong biases to never eat from certain cups in the array, despite a sequence of remedial training, and were excluded from further testing on this task.
Testing Twenty-three birds were successfully trained and were then tested (9 food-restricted and 14 controls). During testing, we covered all 16 cups and baited 4 cups with 2 mealworms each. We randomly assigned each bird a row or column of 4 cups that were baited for the duration of testing. No column or row that lined the edge of the array was used. The trial ended when the bird had found and eaten from the 4 baited cups (range of trial durations: 1-90 min). Trials were carried out in the morning (0900-1200 h) and testing was completed after 4 weeks, for a total of 28 trials. Birds' performance was grouped into 1-week blocks and assessed by the average number of cups searched until the end of the trial and the average number of errors committed (i.e., incorrect cups and revisits to previously searched cups). Unrewarded probe trials, to control for olfactory cues, were not conducted at the end of the testing period. However, it seems unlikely that olfactory cues influenced foraging behavior due to birds' learning performance starting at chance levels on the first test trial (data of first trial not presented) and gradually improving over the testing period. In addition, similar spatial learning tests in other songbirds have not found that olfactory cues influence searching behavior (Pravosudov et al. 2005 ).
Song performance: undirected song
We recorded undirected singing (i.e., noncourtship) of only males (n ¼ 30) when they were approximately 9 months of age. Recordings took place in the birds' colony room after we established that birds would not sing when isolated. Birds routinely sang undirected song in their home cages. Thus, we video-recorded birds for two 30-min sessions, once between the hours of 0900-1100 and again between 1500 and 1700. We randomized recording sessions across treatment group and age of capture and never recorded a bird twice within the same day. While singing, starlings adopt a characteristic upright stance, upturned bill, and the throat takes on a swollen appearance (Feare 1984) . In addition, the hackle feathers and beak can be seen moving while the bird is singing. Therefore, we were able to quantify singing behavior by assessing posture and stance. We refer to these songs as undirected for two reasons: 1) During filming, birds were physically isolated but were in visual and auditory contact with other birds. It is possible but unlikely that birds were directing their singing at an individual in another cage. 2) Birds were not in breeding condition. Although on a 13L:11D photoperiod, birds were on this schedule for more than 20 weeks, at which time gonadal regression due to photorefractoriness would have occurred (Dawson and Goldsmith 1983) . The dark color of birds' beaks was indicative that circulating levels of androgens were low and provided an indirect assessment of gonadal hormones (Dawson and Goldsmith 1983) .
Undirected singing behavior was quantified as 1) latency to sing, 2) number of song bouts, 3) total duration singing, and 4) average song bout length (i.e., total duration/song bouts). As per Eens (1997) , a song bout was defined as greater than 5 s in duration with no longer than a 1-s pause. Starlings have a very complex song but, because multiple birds were singing concurrently, explicit analysis of repertoire size was not possible. However, repertoire size and mean song bout length are strongly correlated, and mean song bout length is a commonly used index of song complexity in this species (Eens 1997; Buchanan et al. 2003; Spencer et al. 2004) . Sessions were filmed with a video camera and subsequently analyzed by two experimenters (T.M.F and K.W.), who were blind to treatment group with J-Watcher software (Blumstein et al. 2010 ).
Song performance: directed song
We recorded all males' directed singing activity (i.e., courtship display) when they were approximately 1 year of age. Prior to this, we switched all males to short days (9L:15D) for a minimum of 8 weeks so that they would become photosensitive before the start of our directed song recordings (Dawson and Goldsmith 1983) . Next, in small groups of 4-6 birds, we placed birds on long days (14L:10D) indoors for 2 weeks. We then moved birds to outdoor aviaries starting in mid-June and housed them in small groups of 4-6 for 1 week prior to their song recordings. All recording sessions were finished by the end of July and within 4-5 weeks of photostimulating each bird. On the day of recording, we placed a male in our recording cage in the morning. To stimulate the male to sing, our recording cage contained a female starling and a nestbox, in addition to a water bath and ad libitum food and water. The recording cage was adjacent to cages with small groups of males, so while the male being recorded was physically isolated, he was in acoustic and visual contact with other males. We recorded birds for two 1-h sessions within the 24 h they were housed in the recording cage. The first recording session took place that afternoon, between 1500 and 1600 h, followed by a second recording session the following morning between 0900 and 1000 h. Behind a one-way mirror, an experimenter blind to treatment group (T.M.F.) scored singing behavior with J-watcher software (Blumstein et al. 2010 ) using 1) posture and stance cues and 2) real-time auditory signals being transmitted indoors via a Marantz PMD 671 recorder attached to a Sennheiser ME62 microphone mounted in a parabola outside the recording cage. We then quantified the songs, blind to treatment group, using the same measures and criteria as outlined for undirected singing.
Statistical analysis
Linear mixed models were used to analyze all data when the dependent variable was continuous and repeated measures were taken. For every learning task, we examined the effects of early-life food conditions (i.e., treatment), age at which birds started treatment (i.e., age of capture), and their interaction on learning performance outcomes. Therefore, treatment, age of capture, and their interaction were entered as fixed effects in all models. To test for differences in learning between sexes, sex was also included as a fixed effect in all models (except song, as only males were recorded), but due to the small number of females (n ¼ 10), it was never included in any higher-order interactions. Lastly, bird ID was entered as a random effect in all models.
Models were subsequently tailored to each learning task by adding effects and covariates of interest. 1) Neophobia: Trial type (baseline vs. test) was included as a fixed effect to assess the difference between a bird's latency to approach a novel object/food versus baseline conditions (N.B.: this analysis did not use the calculated neophobia score). The order in which the novel food or object was presented was entered as a random effect. 2) Social observation: The phase of the task (i.e., preobservation, observation, and postobservation) was entered as a fixed effect, with neophobia score as a covariate, to assess their effect on number of interactions with and latency to approach the apparatus. 3) Spatial foraging: Neophobia score and week of testing were entered as covariates, with rewarded row in the array entered as a random effect, to assess their effect on the number of cups searched and errors committed. 4) Song: Recording session (morning vs. afternoon) was entered as a repeated effect for both undirected and directed singing conditions, and date of recording session was entered as a covariate in the directed singing condition to assess their effect on measures of song performance (i.e., latency to sing, duration of singing, number of song bouts, and mean song bout length).
Fully loaded models were first run with all predictors and interactions of interest included. Restricted maximum likelihood models were used due to unbalanced data sets, and log-transformed data were used when necessary to meet the assumption of normalized residuals. A minimal adequate model was calculated by removing nonsignificant predictors to maintain parsimony and improve model fit (West et al. 2007 ).
In our social-observation learning task, a logit analysis was used to assess if our dichotomous-dependent variable (successful or unsuccessful manipulation of apparatus) was significantly affected by our categorical-independent variables of treatment condition, age of capture, and their interactions at each phase. As suggested by Tabachnick and Fidell (2007) , we ran a preliminary hierarchical loglinear analysis with all variables and their interactions through a backward elimination procedure with a ¼ 0.05. A logit analysis was then conducted on a reduced model containing the retained variables from the preliminary hierarchical loglinear analysis. Birds that successfully opened the apparatus (n ¼ 9) during the pretutor phase were excluded from the analyses for the observation and postobservation phases, as their successful manipulation of the apparatus could not be attributed to social learning. As a result, sex was not included in the analyses due to the small number of females who completed testing (n ¼ 6).
To assess agreement between the 2 observers on coding of the undirected song measure, an intraclass correlation coefficient (ICC) was calculated using a 2-way random effects model assessing absolute agreement. ICCs values closer to 1.0 imply greater agreement between observers.
Two-tailed Pearson correlations were carried out on 1) latency scores in the neophobia test trials (i.e., novel object vs. food) to assess consistency within an individual's response to novelty and 2) between undirected and directed song performance. In addition, two-tailed Pearson correlations were conducted to examine the relationship between song performance (i.e., mean song bout duration for both undirected and directed singing) and the performance on our 3 behavioral measures: neophobia, social-observation learning, and spatial foraging. The Bonferroni correction (a level of significance/number of contrasts) was applied to control for type I error when multiple comparisons were made. PASW (SPSS) 18 was used to carry out all analyses.
RESULTS
Neophobia
Birds took significantly longer to approach their food dish on trials where a novel food or object was present compared with baseline trials (F 1,39 ¼ 134.88, P , 0.001). There was a marginally nonsignificant effect of age of capture, wherein nestlingcaught birds took longer to approach a novel object/food compared with juvenile-caught birds (F 1,38 ¼ 3.99, P ¼ 0.053). There were no significant effects of treatment condition, sex, order in which the novel items were presented, or any higherorder interactions between fixed effects (0.18 , P , 0.91). However, individual birds were consistent in their response to approach a novel object or food (r ¼ 0.401, N ¼ 40, P ¼ 0.01). Neophobia is therefore viewed to be a fairly stable individual variable that should be accounted for in cognitive learning tasks ).
Social-observation learning task
During preobservation, 9 of 40 birds successfully manipulated the apparatus to obtain the mealworm reward (Table 1a) . Preliminary hierarchical loglinear analysis identified interactions treatment 3 outcome and age 3 outcome as significant effects. Subsequently, logit analysis was conducted with these retained effects (reduced model). The reduced model did not differ significantly from the saturated model (goodness-of-fit likelihood ratio test: G 2 1 ¼ 0:10, P ¼ 0.75). Logit analysis revealed that only parameters treatment 3 outcome and age 3 outcome were significant (Z ¼ 1.68, P ¼ 0.046; Z ¼ 1.71, P ¼ 0.043, respectively). Birds that were food-restricted early in life and juvenile-caught birds were more likely to be successful at manipulating the apparatus in the preobservation phase. The fact that approximately 25% of our subjects solved this task through no possible social learning component illustrates that the task was solvable through asocial learning processes. However, to examine if there are any qualitative differences in performance once social information was available (in the form of a tutor demonstration) for the birds to solve the task, we have excluded the 9 individuals who were successful in the preobservation phase from the remaining logit analyses.
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After the observation phase, 10 of 31 birds successfully opened the apparatus (Table 1b ). In the postobservation phase, an additional 2 birds (12 of 31) were successful (Table  1c) . For both the observation and postobservation phase, preliminary hierarchical loglinear analyses did not indicate that any of our independent variables (treatment, age) or their interaction had any significant effects on our variable of interest, outcome (Ps . 0.12). Further logit analyses were not deemed necessary. In addition, small sample size relative to the number of cells in our contingency table compromises the power of such tests, limiting interpretation.
In summary, there were a total of 21 birds that successfully opened the apparatus (prior to tutor demonstration: n ¼ 9; posttutor demonstration: n ¼ 12). Social learning is advantageous when it is less costly than asocial learning, which includes such processes as trial and error (Kendal et al. 2009 ). If birds that were successful after viewing a tutor demonstration did learn via social observation, we could expect that those birds would have engaged in fewer interactions with the apparatus to open it successfully their first time compared with birds that opened it prior to viewing a social demonstration, as they may have had more awareness that the worm could be released by pulling down on the tissue paper plug. We compared the performance between the two types of solvers on the number of interactions with the apparatus on their first solving attempt. Although birds that solved the task after viewing a tutor demonstration interacted with the apparatus substantially less (39.6 6 9.6 SE) than those prior to tutor demonstration (104.3 6 54.3 SE), this difference was not significant (Mann-Whitney U test: U ¼ 45.5, N 1 ¼ 9, N 2 ¼ 12, P ¼ 0.55). In addition, there did not appear to be any differences in solving ability (i.e., average number of interactions to open the apparatus) in the final postobservation phase between the 2 types of solvers (Mann-Whitney U test: U ¼ 60.5, N 1 ¼ 7, N 2 ¼ 12, P ¼ 0.12). Overall, although some learning via social observation may have occurred, the idea that it was the primary learning process captured by this task is doubtful.
From the preobservation phase to the final postobservation phase, birds showed significantly shorter latencies to approach the apparatus (F 2,60 ¼ 10.62, P , 0.001) and interacted with it less (F 2,60 ¼ 3.26, P ¼ 0.045). Overall, juvenile-caught birds approached the apparatus sooner than nestling-caught birds (F 1,26 ¼ 4.62, P ¼ 0.041). However, this effect was driven by a significant treatment 3 age of capture interaction (F 1,26 ¼ 5.26, P ¼ 0.029); nestling-caught control birds took longer to approach the apparatus than the nestling-caught food-restricted birds and all juvenile-caught birds. Likewise, a marginally nonsignificant treatment 3 age of capture interaction was retained in the final model for the number of interactions with the apparatus (F 1,26 ¼ 4.02, P ¼ 0.056). Nestling-caught birds from the control group on average had fewer interactions than those from the food-restricted group and all juvenile-caught birds. A bird's neophobia score was a significant covariate for both measures: Less neophobic birds approached the apparatus faster (F 1,26 ¼ 9.03, P ¼ 0.006) and interacted with it more (F 1,26 ¼ 8.98, P ¼ 0.006). Sex was not a significant factor in either measure (0.46 , P , 0.68), and there were no other significant higherorder interactions (0.08 , P , 0.68).
In summary, success of opening the apparatus was not dependent on social learning processes. Prior to viewing the tutor demonstration, food-restricted birds and juvenile-caught birds were significantly more likely than controls and nestlingcaught birds to open the apparatus. We did not observe any further significant differences in successful opening of the apparatus between treatment conditions or age at which birds were captured. However, there were significant differences in how the apparatus was manipulated that can largely be attributed to a bird's neophobic tendencies. Less neophobic birds approached faster and interacted with the apparatus more.
Spatial foraging task
Twenty-three of the 40 birds completed training for the spatial foraging task (see GENERAL METHODS). There were significantly more juvenile-caught than nestling-caught birds that completed testing (G Although more juvenile-caught birds than nestling-caught birds completed testing, there was no significant effect of age on performance (0.38 , P , 0.89). Sex, rewarded row in the array, neophobia score, or any higher-order interactions between fixed effects were not significant for either performance measure (cups searched: 0.08 , P , 0.80; errors: 0.08 , P , 0.76). Thus, control birds outperformed food-restricted birds on the spatial foraging task.
Song performance: undirected song
The ICCs between the 2 observers' song performance scores met an acceptable level of agreement (ICCs ¼ 0.80-0.96; Table 2 ). Due to logistic constraints of the directed song recording procedure, TMF was the only observer. As there was high interrater agreement, all statistical analyses and comparisons with undirected song data were thus conducted using TMF's scores.
Singing was observed in all males (n ¼ 30) at least during 1 of the 2 recording sessions. The only measure of song performance whereby any of our predictor variables were significant was mean song bout duration. Males from the food-restricted (100) Birds that were successful during the preobservation phase (n ¼ 9) were removed from the analyses at the observation and postobservation phase.
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Behavioral Ecology group had significantly shorter mean song bouts compared with controls (F 1,27.4 ¼ 6.144, P ¼ 0.020; Figure 2a ). Pearsoncorrelationsbetweenthemeasuresshowaclearrelationship betweenmeansong boutduration, number ofsongbouts, and latency to sing. Males that had longer mean song bouts sang significantly more songs and started singing earlier (Pearson correlations: number of song bouts, r ¼ 0.99, N ¼ 30, P , 0.001; latency, r ¼ 20.38, N ¼ 30, P , 0.001; Bonferroni correction: 0.05/6 ¼ 0.008). Total duration singing was not significantly related to any of the other measures (0.10 , P , 0.31).
Song performance: directed song
A subset of males did not sing in our directed song condition (n ¼ 6) and therefore they were excluded from further analyses. All variables that explain significant variation in directed song production measures are outlined in Table 3 .
Latency to start singing is the only measure in which foodrestricted males outperformed controls: food-restricted males sang sooner than control males. Age at which birds were captured was not significant for any other song performance measure other than latency to sing. Birds caught as juveniles sang sooner than birds caught as nestlings. Lastly, a significant treatment and date of recording interaction found that controls tended to sing sooner as the season progressed.
Males from the food-restricted group sang significantly shorter song bouts than control males (Figure 2b) . Although there was a marginally nonsignificant effect of date of recording, it can largely be attributed to a treatment 3 date of recording interaction. Food-restricted birds tended to sing longer song bouts as the season progressed, despite overall having shorter song bouts than control birds.
Pearson correlations between the measures showed a positive relationship between mean song bout duration, total duration singing, and number of song bouts. Males that had longer mean song bouts sang significantly longer in total and more songs bouts overall (Pearson correlations: total duration singing, r ¼ 0.71, N ¼ 24, P , 0.001; number of song bouts, r ¼ 0.55, N ¼ 24, P ¼ 0.006; Bonferroni correction: 0.05/6 ¼ 0.008). Latency to start singing was not significantly related to any of the other song measures (0.11 , P , 0.25).
Undirected versus directed song
Comparing all males who sang in both conditions (n ¼ 24), there was no significant relationship across conditions for the following song performance measures: latency to start singing, total number of bouts, or total duration of singing (Pearson correlations: 0.23 , P , 0.77). Although not significant, there was a trend for a positive relationship between mean song bout durations across both song conditions (Pearson correlation: r ¼ 0.35, N ¼24, P ¼ 0.09), suggesting that males with longer song bouts in the undirected song condition had longer song bouts in the directed song condition.
Song performance versus other learning measures
As noted above, repertoire size and mean song bout length are strongly correlated in starlings (Eens 1997; Spencer et al. 2004) . Across both our song recording conditions, mean song bout duration was the one consistent song performance measure that differed between treatment groups. Therefore, mean song bout duration was used to assess the relationship between song learning and performance on our other behavioral measures.
Although not considered a learning behavior per se, neophobia is a trait often used to assess personality (i.e., coping style or behavioral syndromes) and has been implicated in different individual learning styles (Marchetti and Drent 2000) . However, we did not find a significant relationship between an individual's neophobia score and their mean song bout length from either singing condition (Pearson correlation:
Qualitatively, the relationships we found between mean song bout duration and the performance on the social-observation Farrell et al.
• Song bout length is indicative of spatial learning 107 learning task were the same regardless of whether we included or excluded the 9 birds who opened the apparatus in the preobservation phase. There was no significant relationship between either directed or undirected song bout length and the proportion of trials a bird successfully opened the apparatus across each phase (Pearson correlations: all birds, N ¼ 24, 0.10 , P , 0.82; excluding 9 birds: N ¼ 19, 0.27 , P , 0.98; Bonferroni correction: 0.05/3 ¼ 0.017). However, there was a significant relationship between directed song bout length with both latency to approach the apparatus and number of apparatus manipulations but only in the tutor phase. Birds with longer directed song bouts took longer to approach the apparatus (Pearson correlations: all birds, r ¼ 0.523, N ¼ 24, P ¼ 0.009; excluding 9 birds: r ¼ 0.466, N ¼ 19, P ¼ 0.044) and interacted with it less overall (Pearson correlations: all birds, r ¼ 20.518, N ¼ 24, P ¼ 0.010; excluding 9 birds: r ¼ 20.535, N ¼ 19, P ¼ 0.018) when the tutor was demonstrating. However, after applying the Bonferroni correction (0.05/6 ¼ 0.008) to comparisons made between learning performance and mean song bout length measures from both singing conditions, these results no longer remain significant. In summary, there is no relation between song learning and learning performance on this task. Performance on the spatial task positively related to mean song bout duration for both singing conditions. Pearson correlations on both mean song bout duration measures were conducted across both performance measures (number of cups searched and errors) for the spatial task for each individual week of testing. Males with longer undirected mean song bouts committed fewer errors in weeks 1 and 2 of testing (week 1: r ¼ 20.503, N ¼ 19, P ¼ 0.028; week 2: r ¼ 20.474, N ¼ 19, P ¼ 0.040; Figure 3a ), whereas males with longer directed mean song bouts committed fewer errors in week 2 of testing (r ¼ 20.687, N ¼ 15, P ¼ 0.005; Figure 3b ). There was no significant relationship between mean song duration and the number of cups searched (0.16 , P , 0.21). However, after applying the Bonferroni correction (0.05/8 ¼ 0.006), only the relationship between directed mean song bout and errors committed in week 2 of testing remains significant. Therefore, there is evidence that longer mean song bouts are indicative of committing fewer errors on the spatial task. Control birds sang significantly longer song bouts of directed song at the beginning of the recording period, but this difference was nonsignificant by the last recording block. For clarity of presentation, recording day was blocked across 10-day increments. Errors bars represent 61 SE. 
DISCUSSION
In these experiments, we found continued support for the ''developmental stress hypothesis'': food restriction experienced early in life, whereas the song-control system was developing resulted in poorer song in adulthood. Our results on the learning tasks, and their relation to song performance, were mixed based on our initial predictions. As predicted based on findings from previous studies, we did find that early nutritional stress had detrimental effects on birds' spatial learning abilities (Pravosudov et al. 2005) and that song performance was indicative of learning in the spatial foraging task (Boogert, Giraldeau, et al. 2008) . However, on the social observation task, food-restricted birds were more likely to solve the task than controls prior to the tutor demonstrating and learning performance on this task did not relate to song performance. Overall, early developmental stress affects the development of a sexually selected trait and there is limited evidence that it may reflect spatial learning abilities, but not the propensity to learn by observing conspecifics, in starlings. The developmental stress hypothesis has been tested in many species, including starlings, but the effect of stress on directed song has largely been the focus (i.e., song in the context of courting a potential mate; Buchanan et al. 2003) . Our study confirms this finding and also extends it to song in undirected contexts (i.e., song not directed at a particular individual). In both contexts, previously food-restricted birds had shorter song bouts (i.e., less complex songs). Although the exact functions of undirected song are unknown, it may be important in the maintaining and fine-motor tuning of directed song, establishing dominance relationships in roosts, and in influencing mating decisions prior to pair formation (Eens 1997; Slater et al. 2004 ). Undirected song is observed when starlings roost together (Feare 1984) , and therefore, it is possible that both sexes may use information within an individual's song to make decisions in non-mating contexts. Overall, this study supports the notion that developmental stress adversely affects song performance, regardless of whether it is used in displays of courtship or otherwise.
In our study, we had two stages of development at which birds were caught and started our food restriction treatment: nestling and juvenile. Previous studies with starlings had enforced food restriction starting only in the juvenile phase of development (Buchanan et al., 2003; Spencer et al., 2004) . This period was previously selected because the nuclei of the songcontrol system (HVC and RA) in the starling are known to be developing in the juvenile phase between 50 and 100 days of age (Casto and Ball 1994) . We decided to include birds at an even earlier period of development to assess whether food restriction that encompasses earlier periods of neural development could have additional effects on song learning and production. However, we found few to no effects of age of capture on measures of directed and undirected song performance, respectively. However, there could have been differences in structural organization of the song or song stereotypy, which our measures were not sensitive enough to detect. More detailed analyses are needed before any definitive conclusions can be made on the effects of food restriction prior to song-control system development on song learning and production. Although impairment of song learning was not related to age of capture, there were effects on other behavioral measures. Nestling-caught birds were more neophobic, and this translated to differences in a reduced inclination to interact with the apparatus in the social-observation learning task and complete the spatial learning task. The behavioral differences between our 2 age groups could have been because 1) an earlier onset and longer duration of stress in development had effects on neural and physiological development that altered physiological reactivity to novel objects and situations (Coppens et al. 2010) or 2) birds caught as juveniles represent a subpopulation of birds from our nestling population. For example, juvenile-caught birds have proven to meet a minimum genetic and environmental threshold that enabled them to forage and evade predators for a period of time without parental assistance. Mortality rates for fledgling and yearling starlings are approximately 60% (Kessel 1957; Feare 1984) , and therefore, the birds we caught as juveniles may in part have survived because their environment favored a behavioral style that was more neophilic. Although we are unable to make a distinction between either of these explanations, it is our intention to generalize our findings to the wild adult starling population. Birds caught as juveniles, while not wholly representative, better approximate the wild adult starling population, and we recommend, for ease of behavioral testing, continuing this work with a stressor enforced during the juvenile stage of development in this species (following Buchanan et al. 2003) .
Consistent with previous studies in mammals and birds (Siegel et al. 1993; Pravosudov et al. 2005; Tsoory and Richter-Levin 2006) , early developmental stress had long-term effects on spatial learning abilities in starlings. In our spatial experiment, previously, food-restricted birds searched more cups and committed more errors (i.e., revisits) while attempting to locate all the baited cups. Performance improved across the testing period, suggesting that birds were not employing a random search strategy and were using memory to help locate the baited cups. Although it is possible that birds could have employed a nonspatial strategy to solve the task, we argue that this was not the case as there was no significant difference in performance across birds assigned to different groups of baited cups. If a simple rule-based strategy was being employed, the location of certain cups (i.e., cups closer to the starting position) would have favored this strategy and we would expect to see a difference between the groups. Spatial memory and learning are reliant on the hippocampus and are negatively affected by developmental stress (Gould and Tanapat 1999) . Like the nuclei of the song-control system, the hippocampus is still developing in the weeks posthatch and is vulnerable to nutritional stress during this period (Clayton 1996; Pravosudov et al. 2005; Pravosudov 2009 ). The adverse effects of early food restriction on our song and spatial performance measures were observed after months of rehabilitative ad libitum food and therefore seem to suggest that both the development of the song system and hippocampus overlapped within our treatment manipulation. Furthermore, the relationship between song quality and performance on our spatial task may indicate that environmental conditions (e.g., nutritional stress) could affect the development of these areas similarly (Pravosudov 2009; Spencer and MacDougall-Shackleton 2011) .
Contrary to our initial predictions, food-restricted birds outperformed control birds on aspects of the social observation task, and there was no relationship between performance on this task and song performance. Prior to the tutor demonstrating, previously food-restricted birds were more successful than controls at getting the worm reward. This result suggests that there could be differences in asocial learning processes or possibly motivation (although neophobia was controlled for), which may have favored individuals from the food-restricted treatment. This difference did not hold for the phases after wherein the tutor demonstrated, but it did appear that previously food-restricted birds were still more inclined to interact with the apparatus (i.e., faster latency to approach and greater number of pecks/pulls) than control birds. Although our task intended to quantify social learning, it was not possible for us to make inferences about it with this task. Nevertheless, social learning and its relation to song quality would be a very interesting ability to study in the gregarious starling. Social status is known to correlate positively with measures of song complexity in this species . Furthermore, social status is an important variable in the transmission of social learning. Dominant individuals may be inhibited from learning from a subordinate, and in certain contexts, subordinates may attend more to the actions of others (Giraldeau and Lefebvre 1987; Caraco et al. 1989; An et al. 2011 ). Information in a male's song could be used by a receiver and used to infer social status and potentially a male's behavior in social contexts.
Overall, female starlings are highly attracted by male starling song and have shown preference for song bouts longer in duration (Eens et al. 1991; Gentner and Hulse 2000) . Previous studies have found a positive association between starling song performance and traits of male quality such as social rank and immune function (Duffy and Ball 2002; Buchanan et al. 2003; Spencer et al. 2004) . Our experiments suggest that a female starling, by attending to male song performance, could indirectly assess some cognitive functions in males, such as spatial learning and memory. However, the results from our experiment do not support the notion that song performance is indicative of learning abilities in general. We did not find a significant association between song performance and social observation performance or between spatial and social observation performance. Our results are consistent with findings from recent studies in satin bowerbirds (Ptilonorhynchus violaceus) and song sparrows (Melospiza melodia), which failed to find that performance on various learning tasks were all positively associated (Boogert et al. 2011; Keagy et al. 2011) . Although more work is needed, these preliminary findings suggest that only certain cognitive faculties may be associated with song learning.
As was evident in our behavioral measures, such factors as neophobia and social dominance should be quantified to aid in the interpretation of the relationship between song and cognition. In addition, the type of learning being assessed must be considered. Certain types of learning may in fact favor individuals from developmentally stressed conditions. A recent study in a semi-precocial rodent (Octodon degus) found that early-life stress enhanced associative avoidance learning later in life (Abraham and Gruss 2010) . Song may indicate aspects of male quality, but it may also signal cognitive faculties or behavioral phenotypes that may be conducive to living in an aversive environment. An often-overlooked variable in female mate choice decisions is the developmental history of the female. In zebra finches, there is evidence that females that developed in stressful environmental conditions prefer the songs of males who grew up in similar conditions (Holveck and Riebel 2010) . However, this relationship still remains unclear. A recent study suggests that despite being raised in adverse early conditions, female zebra finches still prefer more complex song (Woodgate et al. 2011) . Evidently more research is needed on how early developmental conditions affect female mate preference and mate choice decisions.
Our understanding of how song-control system functioning relates to other cognitive and behavioral traits may help us understand female mate choice. We encourage others to assess other aspects of cognitive functioning in studies whereby early developmental conditions are altered to study song learning and performance. Determining which cognitive abilities are developmentally correlated with song system development may shed light on the selection pressures that affect the avian song system and other cognitive abilities.
